Whole exome sequencing data and phenotype information is available by request from dbGaP accession number phs001531.v1.p1. <http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001531.v1.p1>.

Introduction {#sec001}
============

Turner syndrome is the most common sex chromosome aneuploidy, where \~50% have a complete monosomy X and \~48% have either a partial loss, rearrangement, or mosaicism of a second X chromosome.\[[@pgen.1007692.ref001]\] The remaining \~2% have a partial or mosaic Y chromosome. Although Turner syndrome can be compatible with life, less than 1% of Turner syndrome fetuses survive.\[[@pgen.1007692.ref002]\] The majority of prenatal deaths are due to cardiovascular defects.\[[@pgen.1007692.ref003]\] Live born females with Turner syndrome share a constellation of phenotypes including primary ovarian insufficiency, short stature, lymphedema, webbed neck, skeletal deformities, neurocognitive disability, and a high incidence of congenital cardiovascular malformations. In particular, they are at a greatly increased risk for having left heart obstructions including hypoplastic left heart syndrome, BAV, coarctation of the aorta, and TAA.\[[@pgen.1007692.ref004]\] Heart defects are the major cause of premature death. The degree to which a second sex chromosome is retained is the primary determinant of the morbidity and mortality in Turner syndrome, an observation that strongly implicates X chromosomal genetics in the pathology of acquired and congenital cardiovascular disease.\[[@pgen.1007692.ref005], [@pgen.1007692.ref006]\] In depth studies have shown that BAV, coarctation of the aorta, and risk for aneurysm are linked to the short arm of the X chromosome (Xp).\[[@pgen.1007692.ref007], [@pgen.1007692.ref008]\]

BAV is a congenital malformation where the aortic valve is comprised of two leaflets as opposed to the normal three leaflet configuration. BAV is associated with lifelong heart disease including valve calcification, stenosis, aortic endocarditis, and thoracic aortic dilation (TAD) that has a high risk of progression to aneurysm, dissection and rupture, and premature death. It is the most common congenital heart malformation occurring in about 2% of the general population where it is predominantly found in males, which comprise about 70% of all BAV cases.\[[@pgen.1007692.ref009]\] However, despite the prevalence in the population, little is known about the etiology of BAV. There is clearly a genetic component as 10--40% of BAV is familial.\[[@pgen.1007692.ref010]\] BAV and aortic aneurysm are thought to have a common genetic etiology.\[[@pgen.1007692.ref011]\] Mutations in *NOTCH1*\[[@pgen.1007692.ref012]\], *GATA5*\[[@pgen.1007692.ref013]\], and *NKX2.5*\[[@pgen.1007692.ref014]\] have been identified as the causative factor in some families with inherited BAV, but the majority of cases remain unexplained. The sex bias in euploid BAV indicates that having two X chromosomes may be protective. In Turner syndrome the incidence of BAV is increased by at least 50-fold over that seen in the euploid population.\[[@pgen.1007692.ref015]\] This suggests that the lack of a second X chromosome predisposes both males and Turner syndrome females to have BAV and TAA, a condition known as BAV aortopathy.

Although there is a paucity of information about the etiology for BAV, a great deal is known about the pathogenic events underlying TAA and dissections associated with BAV. Numerous studies have shown significantly increased expression of matrix metalloproteinases (MMPs) and decreased expression of TIMPs in aneurysmal tissue.\[[@pgen.1007692.ref016]\] This is significant because the role of MMPs is to degrade extracellular matrix (ECM); an activity that is inhibited by TIMPs. It is thought that in aneurysms the ECM in the aortic wall becomes degraded by MMPs, which weakens the aorta allowing it to succumb to hemodynamic stress thereby enlarging the diameter and thinning the aortic wall. In particular, increased expression of MMP2 and MMP9, which degrade the collagen and elastin components of the aortic wall, and a decrease in TIMP1, which inhibits MMP2 and MMP9 activity, have been implicated in the pathogenesis of aortic aneurysms.\[[@pgen.1007692.ref016]\] In addition, an increased MMP9/TIMP1 ratio has been shown to be elevated in chronic aortic dissection, demonstrating a persistent role for ECM degradation.\[[@pgen.1007692.ref017]\]

Deficiency of the second sex chromosome contributes to aortopathy in Turner syndrome, but its loss is not sufficient to cause disease since \~50% of women with Turner syndrome have a normal aortic valve and aortic dimensions. We hypothesized that autosomal genetic variation sensitized by sex chromosome deficiency causes aortopathy in Turner syndrome. To address this hypothesis we used whole exome sequencing to identify autosomal genetic variation associated with BAV and TAD in Turner syndrome. We used TAD as an indicator of aneurysm formation. This study of a discovery cohort of 188 and a replication cohort of 53 individuals with Turner syndrome identified an exome-wide significant association between *TIMP3* (MIM: 188826) and BAV/TAD. Furthermore, investigation of the *TIMP3* paralog, *TIMP1* (MIM: 305370), revealed that having more than one copy of the Xp chromosome gene *TIMP1* was protective against BAV/TAD. Combinatorial analysis shows a synergistic effect between having a single copy of *TIMP1* plus the *TIMP3* risk allele and the occurrence of BAV/TAD. Knowledge of a direct link between TIMP family-gene expression and aortopathy points the way to the development of novel biomarkers for disease progression and therapies to combat catastrophic aortic dissection and rupture in Turner syndrome.

Results {#sec002}
=======

Correlation of aortic enlargement with BAV {#sec003}
------------------------------------------

The presence of BAV was associated with a higher aortic root (AR) z-score (mean AR z-score in BAV 1.29 ±1.59, versus no BAV 0.31 ± 1.08, p = 0.0002, mean difference = 0.98; [Fig 1A](#pgen.1007692.g001){ref-type="fig"}). BAV was also associated with a significantly higher ascending aorta (AAO) z-score (mean AAO z-score in BAV 2.04 ± 1.99, versus no BAV 0.61 ± 1.18, p\<0.0001, mean difference = 1.44; [Fig 1B](#pgen.1007692.g001){ref-type="fig"}).

![Aortic z-scores are associated with BAV in the Turner syndrome discovery cohort.\
Box plot of **A)** AR z-scores and **B)** AAO z-scores for individuals with and without a BAV, where both were significantly associated with the presence of a BAV, p = 0.0002 and p\<0.0001, respectively.](pgen.1007692.g001){#pgen.1007692.g001}

Association of TIMP3 with BAV and aortic dilation {#sec004}
-------------------------------------------------

SKAT-O analysis revealed that variants in *TIMP3* on chromosome 22 achieved exome-wide significance for association with BAV and TAD. *TIMP3* was associated with the occurrence of BAV when it was used as the sole dichotomous phenotype (p = 1.58x10^-6^; [Fig 2A](#pgen.1007692.g002){ref-type="fig"}), with the significance level increasing by an order of magnitude when BAV and AR z-scores were evaluated as covariates (p = 2.27x10^-7^; [Fig 2B](#pgen.1007692.g002){ref-type="fig"}). This demonstrates a *TIMP3*-driven association between BAV and aortic enlargement in Turner syndrome. The quantile-quantile plots showed that there was no departure from observed vs. expected p-values ([S1 Fig](#pgen.1007692.s001){ref-type="supplementary-material"}). Targeted exome sequencing of *TIMP3* in a replication cohort also showed a significant association of *TIMP3* variants with BAV and AR z-scores using SKAT-O (p = 0.038; [Table 1](#pgen.1007692.t001){ref-type="table"}).

![SKAT-O analysis shows that *TIMP3* variants are associated with BAV/TAD.\
Manhattan plots showing the exome-wide significant finding that *TIMP3* variants are associated with BAV, and with AR enlargement as an indicator of TAD. The horizontal line is the threshold for exome-wide significance (based on testing 19,392 genes, the exome-wide significance p-value = 2.578x10^-6^). *TIMP3* is the only gene that exceeds exome-wide significance. It is notable that no other genes approach the significance line. **A**) Shows the association with BAV as the sole predictor (p = 1.58x10^-6^). **B**) Shows the association results for BAV and aortic root (AR) z-scores as covariates (p = 2.27x10^-7^). The significance level for *TIMP3* increases nearly 10-fold when AR z-scores were added.](pgen.1007692.g002){#pgen.1007692.g002}

10.1371/journal.pgen.1007692.t001

###### Replication cohort sequencing results.

![](pgen.1007692.t001){#pgen.1007692.t001g}

  ---------------- ---------------------------------------------- ------------------------ --------- --------- --------------- ------------------
  **Chromosome**   **Position**                                   **ID**                   **REF**   **ALT**   **MAF cases**   **MAF controls**
  22               33253280                                       rs9862                   T         C         50.00%          50.00%
  22               33253292                                       rs11547635               C         T         14.29%          6.40%
  22               33255244                                       rs149161075              C         T         3.57%           0.00%
  **Gene**         **P value**                                    **N variants in Test**                                       
  *TIMP3*          0.03734[\*](#t001fn005){ref-type="table-fn"}   3                                                            
  ---------------- ---------------------------------------------- ------------------------ --------- --------- --------------- ------------------

Variants identified in Danish cohort by Sanger sequencing of *TIMP3* exons.

ID; rs identifier from dbSNP

MAF; minor allele frequency

P value; calculated by SKAT-O gene-based association test

\*; reaches the significance threshold of \<0.05

N; number

*TIMP3* rs11547635 is the major autosomal risk allele {#sec005}
-----------------------------------------------------

There were a total of four variants identified in *TIMP3* in the discovery cohort ([Table 2](#pgen.1007692.t002){ref-type="table"}). Of the four variants, rs11547635 was determined to be the SNP predominantly driving the association based on the increased allele frequency in cases compared to controls (p = 0.001, chi-squared) and evidence that the variant is deleterious based on the CADD score of 16.67. This is above the recommended deleterious significance cutoff of 15, which indicates that is in the top 5% of all damaging variants in the human genome. On the gene level, *TIMP3* has a GDI PHRED score of 0.449, placing in the top 10% of genes intolerant of mutations. The lead driving SNP encodes a synonymous C\>T transition at p.Ser87 in exon 3. Another SNP, rs9862, which is a synonymous variant at p.His83 is always present along with the p.Ser87 variant in the BAV cases in this study. Importantly, these variants, which have been studied in various types of cancer are associated with reduced TIMP3 plasma levels.\[[@pgen.1007692.ref018]--[@pgen.1007692.ref020]\] In combination the two variants disrupt two core ETS1 binding consensus sequences and prevent ETS1 binding, which is thought to be the basis of the reduction in expression.\[[@pgen.1007692.ref020]\] Our discovery that known deleterious variants in *TIMP3* are significantly associated with BAV and TAD of the aortic root in Turner syndrome fits well with the known role for TIMPs in protection against aortopathy. Nearly 25% of our Turner syndrome cohort carry these SNPs, making them a significant risk genotype. The two additional *TIMP3* variants, rs149161075 and rs369072080, are rare and occur only in cases in this study.

10.1371/journal.pgen.1007692.t002

###### Summary of the *TIMP3* variants associated with BAV/TAD.

![](pgen.1007692.t002){#pgen.1007692.t002g}

  rsID          Protein Change   CADD Score   Expected Allele Frequency (Alleles/Total)   Observed Frequency in Cases (Cases/Total)   Observed Allele Frequency in Cases (Alleles/Total)   Observed Frequency in Controls (Controls/Total)   Observed Allele Frequency in Controls (Alleles/Total)
  ------------- ---------------- ------------ ------------------------------------------- ------------------------------------------- ---------------------------------------------------- ------------------------------------------------- -------------------------------------------------------
  rs9862        p.His83 =        2.597        49.1% (32790/66734)                         64.8% (57/88)                               43.8% (77/176)                                       71.0% (71/100)                                    50.5% (101/200)
  rs11547635    p.Ser87 =        16.67        7.1% (4735/66738)                           23.8% (21/88)                               11.9% (21/176)                                       6.0% (6/100)                                      3.5% (6/200)
  rs149161075   p.Phe172 =       5.801        0.3% (203/66736)                            2.3% (2/88)                                 1.1% (2/176)                                         0% (0/100)                                        0% (0/200)
  rs369072080   p.Gly173 =       0.002        0% (0/66738)                                1.1% (1/88)                                 0.6% (1/176)                                         0% (0/100)                                        0% (0/200)

All of the *TIMP3* variants identified through whole exome sequencing of subjects in our Turner discovery syndrome cohort are listed. The dbSNP rs identifier is listed, along with the consequence of the change, ExAC expected allele frequencies (European non-Finnish), CADD score, the number of subjects that had a BAV (case) or a normal valve (control), and the allele frequency of each variant, reported as percentages.

*TIMP1* copy number influences aortopathy risk {#sec006}
----------------------------------------------

Analysis of all of the genes on Xp identified *TIMP1* as the top gene meeting our aortopathy criteria, which includes the potential for escape from X-inactivation, no Y chromosome or autosome homologues, and expression in the aorta. The list of all of the genes that met the criteria is shown in [Table 3](#pgen.1007692.t003){ref-type="table"}, ranked according to the likelihood that they could contribute to aortopathy. The list of all Xp genes and their characteristics can be found in [S1 Table](#pgen.1007692.s006){ref-type="supplementary-material"}. *TIMP1* polymorphically escapes X inactivation,\[[@pgen.1007692.ref021]\] has partial functional redundancy with *TIMP3*\[[@pgen.1007692.ref022]\], and is highly expressed in the aorta with nearly 10-fold higher expression than any of the other genes (GTExPortal). In addition, it is the only Xp gene that meets these criteria and has a known role in aortic valve development.\[[@pgen.1007692.ref023]\] *TIMP1* is also the only gene on Xp with a known association with aortic aneurysms in both humans and mouse models. *Timp1* mouse models are susceptible to the development of aortic aneurysms\[[@pgen.1007692.ref024], [@pgen.1007692.ref025]\] and TIMP1 is known to be reduced in TAA in humans.\[[@pgen.1007692.ref016], [@pgen.1007692.ref026]\] Additionally, overexpression of Timp1 prevents aneurysm degradation and rupture in a rat model.\[[@pgen.1007692.ref027]\] We therefore hypothesized that reduced copy number of *TIMP1* in Turner syndrome increases the risk for BAV/TAD. Using BAV as the only variable the analysis revealed that subjects with only one copy of *TIMP1* have a 4.50 increased odds of having a BAV than those who have greater than one copy (p = 0.0009, 95% CI = 1.9--11.8, [Fig 3A](#pgen.1007692.g003){ref-type="fig"}). When BAV with TAD was studied as the outcome, having only one copy of *TIMP1* increased these odds substantially (OR = 9.76, p = 0.029, CI = 1.91--178.80, [Fig 3B](#pgen.1007692.g003){ref-type="fig"}).

![*TIMP1* copy number is associated with the risk of BAV and BAV with TAD.\
Bar graph showing the frequency of BAV with or without TAD when only one copy of *TIMP1* is present compared to the frequency when there is more than one copy of *TIMP1*. **A**) The dark blue bars represent individuals with a diagnosis of BAV and the light blue bars represent individuals without a BAV. **B**) The dark blue bars represent individuals with a diagnosis of BAV with TAD and the light blue bars represent individuals without a BAV with TAD. For both a logistic regression model was run, with *TIMP1* copy number as the categorical predictor and the phenotype as the response variable. Odds ratio and p-value were calculated and showed that having a single copy of *TIMP1* significantly increased the odds of having a BAV and a BAV with TAD.](pgen.1007692.g003){#pgen.1007692.g003}

10.1371/journal.pgen.1007692.t003

###### Xp genes that meet criteria for being involved in BAV/TAD.

![](pgen.1007692.t003){#pgen.1007692.t003g}

  Gene          ensembl               cdsStart---cdsEnd[\*](#t003fn001){ref-type="table-fn"}   X inactivation status   Pseudogene/ Y homolog   Aorta Expression (GTEx median RPKM)   Valve Development   Rank
  ------------- --------------------- -------------------------------------------------------- ----------------------- ----------------------- ------------------------------------- ------------------- -------
  ***TIMP1***   **ENSG00000102265**   **X:47442814--47446090**                                 **Variable**            **No**                  **423.6**                             **Yes**^**26**^     **1**
  *RBM3*        ENSG00000102317       X:48433568--48435474                                     Variable                No                      48.96                                 unknown             2
  *UBA1*        ENSG00000130985       X:47058201--47074328                                     Active                  No                      41.44                                 unknown             3
  *INE2*        ENSG00000281371       X:15805712--15805712                                     Active                  No                      12.36                                 unknown             4
  *AP1S2*       ENSG00000182287       X:15845447--15870647                                     Mostly Active           No                      8.701                                 unknown             5
  *GEMIN8*      ENSG00000046647       X:14027031--14039597                                     Mostly Active           No                      6.69                                  unknown             6
  *CA5B*        ENSG00000169239       X:15768146--15800787                                     Variable                No                      5.198                                 unknown             7
  *NHS*         ENSG00000188158       X:17653686--17750584                                     Mostly Active           No                      4.852                                 unknown             8
  *TRAPPC2*     ENSG00000196459       X:13732525--13738082                                     Mostly Active           No                      4.289                                 unknown             9
  *CA5BP1*      ENSG00000186312       X:15721474--15721474                                     Active                  No                      3.813                                 unknown             10
  *CTPS2*       ENSG00000047230       X:16608915--16721025                                     Mostly Active           No                      3.593                                 unknown             11
  *INE1*        ENSG00000224975       X:47065254--47065254                                     Active                  No                      2.09                                  unknown             12
  *TCEANC*      ENSG00000176896       X:13680627--13681683                                     Mostly Active           No                      0.4852                                unknown             13
  *PPEF1*       ENSG00000086717       X:18725899--18845605                                     Variable                No                      0.05353                               unknown             14
  *GRPR*        ENSG00000126010       X:16142076--16170768                                     Mostly Active           No                      0.02957                               unknown             15
  *FAM9C*       ENSG00000187268       X:13056559--13061908                                     Active                  No                      0.005627                              unknown             16

\*Position on the X chromosome; cdsStart, start of coding sequence; cdsEnd, end of coding sequence, hg19

*TIMP3* and *TIMP1*-associated risk is specific to the aorta {#sec007}
------------------------------------------------------------

To determine the specificity of the association between *TIMP3* rs11547635 and *TIMP1* copy number for having BAV/TAD or other phenotypic features, we compared cases with or without rs11547635. Height, weight, blood pressure, body surface area, the presence of webbed neck, broad chest, primary ovarian insufficiency, hypertension, or lymphedema occurred with equal frequency in subjects with or without the rs11547635 SNP ([Table 4](#pgen.1007692.t004){ref-type="table"}). On the other hand BAV, BAV with TAD, coarctation of the aorta, and any aortic disease occurred with significantly higher frequency in the group with rs11547635, indicating that it is specifically associated with aortopathy. *TIMP1* copy number associations were similar but also included systolic blood pressure, lymphedema and webbed neck ([Table 5](#pgen.1007692.t005){ref-type="table"}).

10.1371/journal.pgen.1007692.t004

###### Attributes of Turner syndrome subjects with or without *TIMP3* rs11547635.

![](pgen.1007692.t004){#pgen.1007692.t004g}

  --------------------------------------------------------------- ------- ------------------------------ -------------------------------- --------------------------------- ----------------------------------- ---------------- ------------ -----------------------------------------------
  **Phenotype---Continuous**                                      **N**   **Mean with rs11547635**       **SD**                           **Mean without rs11547635**       **SD**                              **P value**                   
  Height (cm)                                                     175     140.65                         23.60                            142.67                            15.66                               0.58                          
  Weight (kg)                                                     168     56.07                          21.10                            55.15                             20.30                               0.84                          
  BSA (m^2^)                                                      165     1.42                           0.39                             1.42                              0.32                                1                             
  BP, systolic                                                    161     116.35                         15.23                            116.71                            17.13                               0.93                          
  BP, diastolic                                                   161     68.39                          11.97                            72.20                             10.59                               0.12                          
  **Phenotype---Categorical**                                     **N**   **Affected with rs11547635**   **Unaffected with rs11547635**   **Affected without rs11547635**   **Unaffected without rs11547635**   **Odds Ratio**   **95% CI**   **P value**
  Lymphedema                                                      188     4                              23                               40                                121                                 0.53             0.2--1.6     0.37
  Broad chest                                                     188     7                              20                               51                                110                                 0.76             0.3--1.9     0.71
  Webbed neck                                                     188     16                             11                               69                                92                                  1.94             0.8--4.4     0.17
  POI[^t^](#t004fn005){ref-type="table-fn"}                       154     12                             79                               10                                53                                  0.81             0.3--2.0     0.82
  Hypertension                                                    178     11                             16                               60                                91                                  1.04             0.5--2.4     0.92
  Any Dissection                                                  188     1                              26                               5                                 156                                 1.20             0.1--10.7    1.000[^F^](#t004fn002){ref-type="table-fn"}
  Coarctation                                                     188     12                             15                               33                                128                                 3.10             1.3--7.3     0.014[\*](#t004fn009){ref-type="table-fn"}
  BAV                                                             188     21                             6                                66                                95                                  5.04             1.9--13.2    0.0008[\*\*](#t004fn010){ref-type="table-fn"}
  TAD[^\#^](#t004fn006){ref-type="table-fn"}                      118     9                              9                                29                                71                                  2.45             0.9--6.8     0.140
  BAV with TAD[^\#^](#t004fn006){ref-type="table-fn"}             118     9                              9                                20                                80                                  4.00             1.4--11.4    0.010[^F^](#t004fn002){ref-type="table-fn"}
  BAV without TAD[^\#^](#t004fn006){ref-type="table-fn"}          118     7                              9                                31                                87                                  0.46             0.2--1.3     0.23[^F^](#t004fn002){ref-type="table-fn"}
  Any aortic risk factor[^\~^](#t004fn007){ref-type="table-fn"}   188     22                             5                                79                                82                                  4.57             1.6--12.7    0.004[\*\*](#t004fn010){ref-type="table-fn"}
  --------------------------------------------------------------- ------- ------------------------------ -------------------------------- --------------------------------- ----------------------------------- ---------------- ------------ -----------------------------------------------

Categorical p-value: chi-squared with yates correction.

^F^ Fishers exact test, Chi-square is calculated only if all expected cell frequencies are greater than or equal to 5

Continuous p-value: t-Test: Two-Sample Assuming Equal Variances

N, total number of subjects with data available for the category

^t^ POI, primary ovarian insufficiency. Excluded individuals under the age of 13 years.

^\#^ Aortic root or ascending aorta (z-score \> 1.9)

^\~^ Aortic risk factors include BAV, coarctation, dilated aortic root or ascending aorta (z-score \> 1.9)

^\$^ For this group, the sample size was small and there were no affected individuals, so an accurate odds ratio could not be calculated.

\*Significance level \<0.05

\*\*Significance level \<0.005

10.1371/journal.pgen.1007692.t005

###### Attributes of Turner syndrome subjects with 1 or \>1 copy of *TIMP1*.

![](pgen.1007692.t005){#pgen.1007692.t005g}

  ----------------------------------------------------------- ------- ---------------------------------- ---------------------------------- ------------------------------------ ------------------------------------ -------------------------------------------- ------------ -----------------------------------------------
  **Phenotype---Continuous**                                  **N**   **Mean with 1 *TIMP1* copy**       **SD**                             **Mean with \>1 *TIMP1* copy**       **SD**                               **P value**                                               
  Height (cm)                                                 175     142.58                             15.55                              141.53                               22.85                                0.75                                                      
  Weight (Kg)                                                 168     55.79                              20.12                              53.22                                22.13                                0.52                                                      
  BSA (m^2^)                                                  165     1.43                               0.32                               1.40                                 0.40                                 0.58                                                      
  BP, systolic                                                161     118.19                             16.66                              109.69                               16.65                                0.014[\*](#t005fn009){ref-type="table-fn"}                
  BP, diastolic                                               161     72.30                              10.25                              68.76                                13.33                                0.11                                                      
  **Phenotype---Categorical**                                 **N**   **Affected with 1 *TIMP1* copy**   **Controls with 1 *TIMP1* copy**   **Affected with \>1 *TIMP1* copy**   **Controls with \>1 *TIMP1* copy**   **Odds Ratio**                               **95% CI**   **P value**
  Lymphedema                                                  188     43                                 110                                1                                    34                                   13.29                                        1.8--100.2   0.003[\*\*](#t005fn010){ref-type="table-fn"}
  Broad chest                                                 188     48                                 105                                10                                   25                                   1.14                                         0.5--2.6     0.92
  Webbed neck                                                 188     77                                 76                                 8                                    27                                   3.42                                         1.5--8.0     0.006[\*](#t005fn009){ref-type="table-fn"}
  POI[^t^](#t005fn005){ref-type="table-fn"}                   154     78                                 49                                 13                                   14                                   1.71                                         0.7--4.0     0.29
  Hypertension                                                178     61                                 84                                 10                                   23                                   1.76                                         0.8--4.0     0.23
  Any Dissection[^\$^](#t005fn008){ref-type="table-fn"}       188     6                                  147                                0                                    35                                   \-                                           \-           \-
  Coarctation                                                 188     44                                 109                                1                                    34                                   13.72                                        1.8--103.4   0.003[\*\*](#t005fn010){ref-type="table-fn"}
  BAV                                                         188     81                                 72                                 7                                    28                                   4.50                                         1.9--11.8    0.0009[\*\*](#t005fn010){ref-type="table-fn"}
  TAD[^\#^](#t005fn006){ref-type="table-fn"}                  118     34                                 60                                 4                                    20                                   2.83                                         0.9--9.0     0.11
  BAV with TAD[^\#^](#t005fn006){ref-type="table-fn"}         118     28                                 66                                 1                                    23                                   9.76                                         1.3--75.8    0.019[\*](#t005fn009){ref-type="table-fn"}
  BAV without TAD[^\#^](#t005fn006){ref-type="table-fn"}      118     27                                 67                                 4                                    20                                   2.01                                         0.6--6.5     0.34
  Any aortic disease[^\~^](#t005fn007){ref-type="table-fn"}   188     90                                 63                                 11                                   24                                   3.12                                         1.4--6.8     0.006[\*\*](#t005fn010){ref-type="table-fn"}
  ----------------------------------------------------------- ------- ---------------------------------- ---------------------------------- ------------------------------------ ------------------------------------ -------------------------------------------- ------------ -----------------------------------------------

Categorical p-value: chi-squared with yates correction.

^F^ Fishers exact test, Chi-square is calculated only if all expected cell frequencies are greater than or equal to

5Continuous p-value: t-Test: Two-Sample Assuming Equal Variances

N, total number of subjects with data available for the category

^t^ POI, primary ovarian insufficiency. Excluded individuals under the age of 13 years.

^\#^ Aortic root or ascending aorta (z-score \> 1.9)

^\~^ Aortic risk factors include BAV, coarctation, dilated aortic root or ascending aorta (z-score \> 1.9)

^\$^ For this group, the sample size was small and there were no affected individuals, so an accurate odds ratio could not be calculated.

\*Significance level \<0.05

\*\*Significance level \<0.005

Synergistic effect of *TIMP1* and *TIMP3* variation in aortopathy {#sec008}
-----------------------------------------------------------------

We investigated the combinatorial effect of *TIMP1* and *TIMP3* variation on the outcome of BAV alone, and BAV with TAD. This analysis shows that the combination of having only one copy of *TIMP1* and being a carrier of *TIMP3* rs11547635 specifically increases the odds for having a BAV by nearly twenty-fold (OR = 18.00, 95% CI = 5.19--74.89, p\<0.001) and also for having a BAV with TAD (OR = 12.86, 95% CI = 2.57--99.39, p = 0.004) compared to the group with no rs11547635 and \>1 *TIMP1* ([Table 6](#pgen.1007692.t006){ref-type="table"}).

10.1371/journal.pgen.1007692.t006

###### Combinatorial effects of *TIMP1* copy number and *TIMP3* SNP rs11547635 on the outcome of BAV or BAV with TAD.

![](pgen.1007692.t006){#pgen.1007692.t006g}

  ------------------------------------------------------------------------ ------- ---------------- ---------------- --------------------------------------------- ------------- -------------
  **Groups, outcome of BAV**                                               **N**   **N affected**   **% affected**   **OR**                                        **95% CI**    **P value**
  no rs11547635 & \>1 *TIMP1* copy                                         33      6                18.18%           1.00[\*\*](#t006fn006){ref-type="table-fn"}   \-            \-
  no rs11547635 & only 1 *TIMP1* copy                                      128     60               46.88%           3.97                                          1.63--11.22   0.005
  yes rs11547635 & \>1 *TIMP1* copy[\*](#t006fn003){ref-type="table-fn"}   2       1                50.00%           \-                                            \-            \-
  yes rs11547635 & only 1 *TIMP1* copy                                     24      20               80.00%           18.00                                         5.19--74.89   \<0.001
  **Groups, outcome of BAV with TAD**                                      **N**   **N affected**   **% affected**   **OR**                                        **95% CI**    **P value**
  no rs11547635 & \>1 *TIMP1* copy                                         22      2                9.09%            1.00[\*\*](#t006fn006){ref-type="table-fn"}   \-            \-
  no rs11547635 & only 1 *TIMP1* copy                                      78      20               25.64%           3.45                                          0.89--22.80   0.115
  yes rs11547635 & \>1 *TIMP1* copy[\*](#t006fn003){ref-type="table-fn"}   2       0                0.00%            \-                                            \-            \-
  yes rs11547635 & only 1 *TIMP1* copy                                     16      9                56.25%           12.86                                         2.57--99.39   0.004
  ------------------------------------------------------------------------ ------- ---------------- ---------------- --------------------------------------------- ------------- -------------

Logistic regression model for the combinatorial effect of have both rs11547635 and one copy of *TIMP1* on the outcome of having a BAV with TAD.

BAV and TAD are defined as having a BAV and at least one z-score ≥ 1.9 (rounded to the 10th decimal place); those without an AR or AAO measurement were excluded.

\*For this group, the sample size was too small, so an accurate odds ratio could not be calculated.

N; total number of subjects.

N affected; number of subjects with BAV or BAV and TAD.

\*\* Reference group

Discussion {#sec009}
==========

Turner syndrome, like all genetic syndromes, is characterized by a primary inherent defect that sensitizes downstream modifier genes to breach a pathologic threshold. Thus, a single triggering event is capable of unleashing a myriad of phenotypic variations. Consistent with this disease model, we found that in Turner syndrome hemizygosity of *TIMP1* due to lack of a complete second X chromosome is associated with genetic variation of its paralogue, *TIMP3* on chromosome 22, synergistically heightening the risk for BAV and TAD, which is the first sign of aneurysm formation.

Given the detailed understanding of the fundamental role of MMPs in thoracic aortic disease, the results of this study have clear biological relevance. In the euploid population there is a significant reduction in TIMP1 and TIMP3 expression in BAV-associated TAA and a highly significant increase in MMP2 and MMP9, which are both regulated by TIMP1 and TIMP3.\[[@pgen.1007692.ref016]\] This results in a considerable MMP/TIMP imbalance in aneurysms compared to control aortas.

We propose that hemizygosity for *TIMP1* is the X chromosome basis for increased susceptibility for BAV and aortopathy in Turner syndrome. This coupled with a SNP-driven decrease in TIMP3 expression synergistically increases risk for both BAV and BAV with TAD. This is consistent with our hypothesis that a gene or genes on Xp interact with autosomal variants that are benign unless expressed on a genetically sensitized background such as that in Turner syndrome. The inherent decrease in TIMP1 in Turner syndrome subjects missing a complete second copy of the X chromosome sensitizes those individuals to decreased TIMP3 expression. In addition, a global methylation profile for Turner syndrome found that the Turner syndrome X chromosome has a unique methylation pattern when compared to the X chromosome of euploid males.\[[@pgen.1007692.ref011]\] Notably, *TIMP1* tends to be hypermethylated in Turner syndrome,\[[@pgen.1007692.ref028]\] which suggests that the expression level may be decreased even beyond the reduction in copy number.

Importantly, *TIMP1* and *TIMP3* have functional redundancy in the aorta. Both exercise inhibitory control over MMP2 and MMP9, which are the two MMPs associated with degradation of the aortic wall. We propose that decreased TIMP1 expression due to a reduction in copy number sensitizes the aorta to MMP-induced damage, but protection is conferred by the expression of TIMP3. Decreased expression of both negates that protection making the aortic wall vulnerable to degradation which can lead to TAD and aneurysm. In addition, TIMPs 1 and 3 are expressed in the aortic valve, where they play a role in valve remodeling,\[[@pgen.1007692.ref023]\] which is a critical activity in the development of the tricuspid aortic valve. This fundamental link between BAV pathogenesis and downstream TAD provides a previously unrecognized mechanism for the heightened risk for aortopathy in Turner syndrome. In a study of 18 women with TS and aortic dissection, 6 cases were available for biochemical analysis, and that study showed a skewed ratio of collagen I to collagen III (normally 30:70%) with 60% collagen I and only 30% collagen III,\[[@pgen.1007692.ref029]\] which could well be the end result of an altered MMP/TIMP activity.

As with all studies of this nature there are some limitations and caveats. The exome sequencing was done on DNA isolated from peripheral blood, so the molecular karyotypes reflect the chromosome composition in that tissue. It is possible that the karyotype in other tissues such as the developing heart may differ, particularly with respect to mosaicism. In addition, our analyses did not include potential effects of the autosomal rearrangements found in some of the study subjects. These were genetically heterogeneous and often in single individuals, so it is unlikely that they would significantly affect the results of this study. Another limitation is that this study did not assess any potential influence of maternal genetic effects, nor did we assess the parent-of-origin of the retained X chromosome.

There is no clear explanation for the strikingly higher prevalence of aortopathy in euploid men compared to women. And, the larger questions regarding the role of the sex chromosome genes in the differential susceptibility to common diseases has received little attention. Bellott and colleagues proposed that dosage differences between X chromosome genes and homologous ancestral genes retained on the Y chromosome may account for phenotypic differences between men and women.\[[@pgen.1007692.ref030]\] Our data supports another model where expressed genes that escape inactivation on the second X chromosome and that are also absent from the Y chromosome (like *TIMP1*) play a role in the frequently observed sex bias in disease.

In conclusion, we propose that aortopathy in Turner syndrome results from an inherent dysregulation of the TIMP/MMP ratio. This imbalance increases risk for both congenital cardiovascular defects and later onset aortic disease. Beyond Turner syndrome, the lack of a second copy of *TIMP1* in euploid males may also explain the increased risk for BAV/TAD compared to euploid females. The findings of this study represent a significant advance in the understanding of the mechanisms underlying aortopathy in Turner syndrome.

Materials and methods {#sec010}
=====================

Ethical approval {#sec011}
----------------

The Turner syndrome cohort was accessed from the National Registry of Genetically-Triggered Thoracic Aortic Aneurysms and Related Conditions (GenTAC).\[[@pgen.1007692.ref031]\] GenTAC study subject recruitment was approved by the institutional review board for each member of the GenTAC investigative team, and informed consent for participation in associated research studies was obtained for each study subject. The project was approved by the Oregon Health & Science University institutional review board. The Danish cohort was approved by the Central Denmark Region Ethical Scientific Committee (\#2012-500-12) and registered at ClinicalTrials.gov (\#NCT01678274).

Study populations {#sec012}
-----------------

GenTAC spent a decade recruiting study subjects with conditions related to thoracic aortic aneurysms, including collection of biospecimens, rigorous evaluation and documentation of clinical data, and collection of follow-up data for longitudinal studies. The majority of subjects enrolled in GenTAC had aorta imaging studies that provide information on aortic dimensions and evaluation of aortic valve status. All images, such as echocardiograms, CT and MRT studies were collected clinically, but transferred to the GenTAC imaging core (ICORE) for re-evaluation by a single cardiac imaging expert for consistency of measurements and interpretation.\[[@pgen.1007692.ref032]\] The discovery cohort for this study was composed of Turner syndrome study subjects of Northern European (non-Finnish) descent. Inclusion criteria included a diagnosis of Turner syndrome, self-reported race as white, ethnicity as non-Hispanic, evaluation for a diagnosis of BAV, and availability of aortic dimension measurements and body morphometrics. The diagnosis of BAV was based on clinical images and interpretations. An additional 53 study subjects from a prospective study in Denmark were used as an independent replication cohort.\[[@pgen.1007692.ref033], [@pgen.1007692.ref034]\]

Phenotyping {#sec013}
-----------

For the purposes of this study we defined aortopathy (cases) as those having a BAV with or without TAD. In keeping with clinical norms for Turner syndrome, a thoracic aortic dimension z-score ≥ 1.9 was used as the definition of TAD as an indicator of aneurysm formation. All study subjects were confirmed for a diagnosis of Turner syndrome based on either clinical karyotype or exome sequence-based karyotyping. Subjects were phenotyped for presence of a BAV or a normal aortic valve. Our final Turner syndrome discovery cohort was composed of 88 cases (Turner syndrome with BAV) and 100 controls (Turner syndrome with no BAV). Within this cohort, 113 subjects had aortic root (AR) dimensions and 106 subjects had ascending aorta (AAO) dimensions. For the replication cohort 14 had a BAV and 39 had a normal aortic valve. For all subjects AAO and AR diameters were converted into z-scores using methodology that was specifically developed for children and adults with Turner syndrome to correct for the altered longitudinal growth in Turner syndrome.\[[@pgen.1007692.ref035]\] Briefly, the regression equations and coefficients were used to calculate expected aortic dimensions based on body surface area (BSA, Haycock formula) for each individual in the study with a measurement (Eqs [1](#pgen.1007692.e001){ref-type="disp-formula"}&[2](#pgen.1007692.e002){ref-type="disp-formula"}). The z-scores were calculated by comparing expected aortic dimensions to actual aortic dimensions and incorporating the mean squared error (MSE; [Eq 3](#pgen.1007692.e003){ref-type="disp-formula"}).\[[@pgen.1007692.ref035]\] Expected aortic dimension data points and lines were generated for each z-score.

*Equations*: $$\text{Aortic}\mspace{720mu}\text{Root}\mspace{720mu}\text{equation}:\mspace{720mu}\left( \text{expected} \right)^{2} = \left( {1.035 + \left( {0.589*\text{BSA}} \right) + \left( {- 0.129*\text{BSA}^{2}} \right)} \right)^{2}$$ $$\text{Ascending}\mspace{720mu}\text{Aorta}\mspace{720mu}\text{equation}:\mspace{720mu}\left( \text{expected} \right)^{2} = \left( {0.942 + \left( {0.593*\text{BSA}} \right) + \left( {- 0.122*\text{BSA}^{2}} \right)} \right)^{2}$$ $$\text{Z-score}\mspace{720mu}\text{equation}: = (\left. \sqrt{}(\text{actual}\mspace{720mu}\text{dimension}\mspace{720mu}\left( \text{cm} \right) - \left. \sqrt{}\mspace{720mu}\left( {\text{expected}\mspace{720mu}\text{dimension}\left( \text{cm} \right)} \right)\mspace{720mu}/\mspace{720mu}\left( \left. \sqrt{}\mspace{720mu}\left( \text{MSE} \right) \right. \right) \right. \right.$$ The BSA (m^2^) vs. AR or AAO (cm) for BAV cases (triangle) and BAV controls (square) were plotted. Overlaid on the same plot are the polynomial trend lines for z = 0, z = 1, z = -1, z = 2, z = -2, z = 3, z = -3 ([S2 Fig](#pgen.1007692.s002){ref-type="supplementary-material"}).

Whole exome sequencing, quality control and data cleaning {#sec014}
---------------------------------------------------------

In total, 215 genomic DNA samples isolated from peripheral blood were submitted for exome sequencing and the exome capture kit Roche Nimblegen SeqCap EZ was used to prepare the sequencing libraries. Whole exome sequencing (WES) was performed by the NHLBI Resequencing & Genotyping Service at the University of Washington (D. Nickerson, US Federal Government contract number HHSN268201100037C). In summary, 16 samples failed post-sequencing QC and 199 samples passed post-sequencing QC. The average read depth for the targeted exome was 71X, with 86% of the target regions covered at greater than 20X. Reads were mapped to the hg19 UCSC genome build using the Burrows-Wheeler aligner, version 0.7.10. Variants were called using the GATK best practices pipeline, where in the 199 samples, 195,034 variants were called. BAM files and VCF files were transferred to the Maslen lab for evaluation.

Data cleaning and filtering was performed using PLINK v1.90b3g\[[@pgen.1007692.ref036]\], which 1) removed any variants with less than 99% genotyping rate, where 6,815 variants were removed; 2) removed individuals with more than 5% missing genotypes, where no individuals were removed; 3) excluded markers that fail the Hardy-Weinberg equilibrium test using a threshold of 1.0x10^-6^, where 2,334 variants were removed. A principal components analysis (PCA) was performed using the R package SNPRelate to calculate the eigenvectors (EVs) for each subject.\[[@pgen.1007692.ref037]\] Data were prepared for PCA analysis by taking common SNPs (MAF \>5%) and pruning out SNPs in linkage disequilibrium with an r^2^ \> 0.2, stepping along five SNPs at a time within 50kb windows. We plotted EV1 vs EV2 to look for population outliers ([S3A Fig](#pgen.1007692.s003){ref-type="supplementary-material"}). Population outliers were removed and the analysis was repeated a total of four times until no more outliers remained ([S3B Fig](#pgen.1007692.s003){ref-type="supplementary-material"}). In total, 11 subjects were detected at EV1 \< -0.3 and EV2 \> 0.3 and were removed from the dataset. Additionally, we use the first three eigenvectors as covariates in most downstream analysis. The final dataset contained 185,885 variants across 188 subjects, providing a total genotyping rate of 0.998084.

Gene-based statistical analyses {#sec015}
-------------------------------

To enhance the probability of identifying an exome-wide significant signal a gene-based burden test, the optimal sequence kernel association test (SKAT-O), was used to evaluate the data.\[[@pgen.1007692.ref038]\] This analysis clusters variants into genes for a gene by phenotype analysis, which improves signal strength for exome data from smaller cohorts as it reduces the multiple testing burden. This state-of-the-art approach is particularly useful for studies of rare disorders such as Turner syndrome. The 185,885 variants which passed QC from the WES pipeline were assigned to their respective genes using hg19_refGene. Variants were allowed to be in more than one gene since the test compares gene burden in the same gene, not between different genes. All analyses included the first three principal component eigenvalues as covariates to adjust for any underlying population structure. First, SKAT-O was used to test for an association with the dichotomous BAV status. Second, SKAT-O was used to test for an association with BAV and aortic diameter z-scores as a proxy for TAD evaluated as a continuous variable. For each analysis, a quantile-quantile (Q-Q) plot was generated to look for departure of the observed p-values from the expected p-values.

Variant annotation and validation {#sec016}
---------------------------------

Combined Annotation Dependent Depletion (CADD) scores were used as a tool for scoring the deleteriousness of the genetic variants identified in exome sequencing data. PHRED-scaled CADD scores integrate multiple annotations into a single metric that outperforms other commonly used algorithms of this type. A CADD score ≥20 indicates that a variant is among the top 1% most deleterious variants in the human genome. We used the recommended cutoff score of ≥15 as our threshold for considering a variant to be likely deleterious. The allele frequency of each variant was queried in the Exome Aggregation Consortium (ExAC) database of exome data from over 60,000 unrelated individuals, from which we used the European non-Finnish population.\[[@pgen.1007692.ref039]\] All variants with alleles that were overrepresented in cases were validated by Sanger sequencing. For the replication cohort, we performed targeted Sanger sequencing of all *TIMP3* exons and followed the same SKAT-O association test as described above.

Second sex chromosome status determination {#sec017}
------------------------------------------

X and Y chromosome information from the WES data was used to assess the presence of any second sex chromosome. X and Y SNP plots were generated for each study subject and compared to control reference plots to define the second sex chromosome status for each individual.\[[@pgen.1007692.ref040]\] Alternate allele frequencies from the exome variant calls were used to create SNP plots. Briefly, the alternate allele frequencies were calculated for all variants on the X chromosome and sorted by position for each subject. In R, scatter plots were generated and evaluated for the presence of a second X chromosome. This was repeated for the Y chromosome and the Integrative Genome Viewer (IGV) was used to confirm the presence of Y chromosome reads.\[[@pgen.1007692.ref040]\] Reference plots of a control female with 46,XX karyotype, a control female with 45,X karyotype, and a control male with 46,XY karyotype were generated ([S4A Fig](#pgen.1007692.s004){ref-type="supplementary-material"}). We then generated X and Y chromosome plots for each subject in this study.

In these plots, the X-axis is sorted by position on the X chromosome and the Y-axis is the alternate (ALT) allele frequency. As expected for a 46,XX karyotype, some SNPs are homozygous for the ALT allele (1.0), homozygous for the reference (REF) allele (0.0), or heterozygous for the ALT/REF allele (0.5). In contrast, a 45,X karyotype only has SNPs that are homozygous for the ALT allele, or homozygous for the REF allele because only one copy is present. The 46,XY karyotype looks similar to the 45,X plot, but has SNPs heterozygous for the ALT/REF allele clustered in the captured pseudoautosomal (PAR) region. The presence of any Y chromosome material was confirmed using IGV. Available clinical karyotypes were compared to molecular karyotypes generated from the SNP data and basic second sex chromosome status groups were created to categorize the study subjects. While the majority of subjects were true monosomy 45,X, examples of other karyotypes included Xp deletions, Xq deletions, Xq isochromosomes, and X chromosome rings for their second X chromosome ([S4B Fig](#pgen.1007692.s004){ref-type="supplementary-material"}); mosaicism for the second X chromosome, either 45,X/46,XX or 45,X/47,XXX, or mosaicism for Y chromosome material ([S4C Fig](#pgen.1007692.s004){ref-type="supplementary-material"}), although we were unable to quantify the Y mosaicism level based on the plots.

While most plots were straight forward in their interpretation, some were more complicated. In those cases, the clinical karyotype was relied upon. To assess the mosaicism observed in a large number of subjects, a model was created to predict the percent 45,X mosaicism based on alternate allele frequencies ([S5 Fig](#pgen.1007692.s005){ref-type="supplementary-material"}). The equations from each model were used, where y is the percent 45,X mosaicism and x is the alternate allele frequency. The average of the upper and lower predicted values was used as the final estimate of 45,X mosaicism. The molecular karyotypes and estimated *TIMP1* copy number based on the percentage of cells with a second X chromosome are shown in [Table 7](#pgen.1007692.t007){ref-type="table"}.

10.1371/journal.pgen.1007692.t007

###### Karyotypes of the TS cohort.

![](pgen.1007692.t007){#pgen.1007692.t007g}

  Karyotype                                                                       N     *TIMP1* copy number
  ------------------------------------------------------------------------------- ----- ---------------------
  45,X                                                                            109   1.0
  45,X/46,XY                                                                      15    1.0
  46,X,i(Xq)                                                                      13    1.0
  45,X/46,X,i(Xq)                                                                 7     1.0
  45,X\[50%\]/47,XXX\[50%\][\*](#t007fn001){ref-type="table-fn"}                  4     2.0
  45,X \[50%\]/46,X,ring(X)\[50%\]                                                2     1.5
  46,X,ring(X), small                                                             2     1.0
  45X/46,X,i(Xq)/47,XXX[\*](#t007fn001){ref-type="table-fn"}                      1     2.0
  46,X,ring(Xp11.1q28)\[11%\]/46,XX\[89%\][\*](#t007fn001){ref-type="table-fn"}   1     1.9
  45,X\[30%\]/46,XX\[70%\]                                                        1     1.7
  45,X\[30%\]/46,XX\[70%\]                                                        1     1.7
  45,X\[32%\]/46,XX\[68%\]                                                        1     1.7
  45,X\[35%\]/46,XX\[65%\]                                                        1     1.7
  45,X\[41%\]/46,XX\[59%\]                                                        1     1.6
  45,X/46,X,del(Xq21.1)[\*](#t007fn001){ref-type="table-fn"}                      1     1.5
  45,X\[55%\]/46,XX\[45%\]                                                        1     1.5
  45,X\[65%\]/46,XX\[35%\]                                                        1     1.4
  45,X\[63%\]/46,X,del(Xq11.23)\[37%\]                                            1     1.4
  45,X\[64%\]/46,X,del(Xq22q24)\[36%\]                                            1     1.4
  45,X\[72%\]/46,XX\[28%\]                                                        1     1.3
  45,X\[75%\]/46,XX\[25%\]                                                        1     1.3
  45,X\[74%\]/46,del(Xq13.1)\[26%\]                                               1     1.3
  45,X\[75%\]/46,X,ring(X)\[25%\]                                                 1     1.3
  45, X\[80%\]/46,X,ring(X)\[20%\]                                                1     1.2
  45,X\[82%\]/46,XX\[18%\]                                                        1     1.2
  45,X\[84%\]/46,XX\[16%\]                                                        1     1.2
  45,X\[85%\]/46,XX\[15%\]                                                        1     1.2
  45,X\[85%\]/46,XX\[16%\]                                                        1     1.2
  45,X\[81%\]/46,X,psuidic(Xq21)\[19%\][\*](#t007fn001){ref-type="table-fn"}      1     1.2
  45,X\[82%\]/46,del(Xq22)\[18%\][\*](#t007fn001){ref-type="table-fn"}            1     1.2
  45,X\[82%\]/46,X,del(Xp22.3p11.4)\[18%\]                                        1     1.2
  45,X\[83%\]/46,X,ring(X)\[17%\]                                                 1     1.2
  45,X\[85%\]/46X,ring(X)\[15%\]                                                  1     1.2
  45,X\[88%\]/46,XX\[12%\]                                                        1     1.1
  45,X\[88%\]/46,X,del(Xq13.1)\[12%\]                                             1     1.1
  45,X,add(15)(p11.2)[\*](#t007fn001){ref-type="table-fn"}                        1     1.0
  45,X/46,X,+mar[\*](#t007fn001){ref-type="table-fn"}                             1     1.0
  45,X\[20%\]/46,X,i(Xq)\[80%\][\*](#t007fn001){ref-type="table-fn"}              1     1.0
  45,X\[82%\]/46,X,del(Xp)\[18%\]                                                 1     1.0
  45,X \[86%\]/ 46,X +mar \[13%\][\*](#t007fn001){ref-type="table-fn"}            1     1.0

\*Clinical karyotype

N; number of subjects

Genes on Xp were evaluated to identify candidates likely to contribute to aortopathy. We hypothesized that an aortopathy gene would be found on Xp, would escape X inactivation in euploid females,\[[@pgen.1007692.ref041]--[@pgen.1007692.ref043]\] would be expressed in the aortic wall, and would not be a pseudogene, or have a Y homologue.

Statistical analysis {#sec018}
--------------------

To calculate the magnitude of the association between BAV status and aortic z-score, a linear regression model was fit where BAV was the predictor and aortic z-score was the response variable. This was performed separately for both AR z-score and AAO z-score. The mean differences and 95% confidence intervals were generated to accompany p-values. Boxplots for each AR and AAO z-scores were plotted against BAV status.

To investigate if the *TIMP3* paralog *TIMP1* was associated with BAV, a general logistic regression model was performed where *TIMP1* copy number was the categorical predictor, 1 copy and \>1 copy of *TIMP1* were the variables, and BAV status or BAV with TAD was the response variable with no BAV serving as the reference. Odds ratios and 95% confidence intervals were generated to accompany p-values.

To investigate the combination of the *TIMP3* variant rs11547635 and *TIMP1* as risk factors for the presence of a BAV or BAV with TAD, four groups were formed: 1) no *TIMP3* rs11547635 and \>1 copy of *TIMP1*, 2) with *TIMP3* rs11547635 and \>1 copy of *TIMP1*, 3) no *TIMP3* rs11547635 and only 1 copy of *TIMP1*, and 4) with *TIMP3* rs11547635 and only 1 copy of *TIMP1*. Separate general logistic regression models were created to compare these four groups in order to determine their associations with BAV, or the combination of BAV and TAD. Odds ratios and 95% confidence intervals were generated to accompany p-values.

Other physical attributes of Turner syndrome were studied to determine if any were also associated with the *TIMP3* rs11547635 risk allele. Continuous variables (height, weight, body surface area, systolic blood pressure, and diastolic blood pressure) were analyzed using a Student's two-sample t-test, where the means of those with or without *TIMP3* rs11547635 were compared. Categorical variables (lymphedema, broad chest, webbed neck, primary ovarian insufficiency, hypertension, coarctation of the aorta, bicuspid aortic valve, and any aortic risk factor) were analyzed using a Chi-squared test with Yate's correction or Fisher's exact test as appropriate. The same analysis was done using *TIMP1* copy number as the variable.

Supporting information {#sec019}
======================

###### Quantile-Quantile (Q-Q) plots for the SKAT-O analyses.

Q-Q plots for SKAT-O analysis of BAV and BAV with AR Z-scores, which shows no significant deviation from the normal distribution.

(TIF)

###### 

Click here for additional data file.

###### Calculation of aortic z-scores.

Plot of BSA (m^2^) vs. AR or AAO (cm) for BAV cases 10 (triangles) and BAV controls (squares) and polynomial trend 11 lines for expected aorta dimensions for each z-score. A) Plot for aortic root dimensions. B) Plot for ascending aorta dimensions.

(TIF)

###### 

Click here for additional data file.

###### Principle component analysis.

Principal Component Analysis (PCA) plots of WES samples. A) PCA analysis on all 199 subjects in the study, where eigenvector 1 is plotted against eigenvector 2. B) Final PCA plot after samples were removed due to being population outliers. A total of 11 subjects were removed and a total of 188 subjects remained in the study.

(TIF)

###### 

Click here for additional data file.

###### X and Y SNP plots for second sex chromosome status determination.

X chromosome SNP plots examples. A) Plots of a known controls representing 45,X, 46,XX, and 46,XY. B) Examples plots of Turner syndrome subjects with ring X, iso Xq, mosaic Xq deletion, and Xp deletion for their second X chromosome. C) Example plots of mosaic 45,X/46,XY, 45,X/47,XXX, and 45,X/46,XX.

(TIF)

###### 

Click here for additional data file.

###### Modeling of percent mosaicism from alternate allele counts.

A model to predict percent mosaicism from alternate allele counts. The table on the left is the expected alternate allele counts and allele frequencies (frq) for each level of X mosaicism. The plots on the right are the corresponding fitted model using this data, where the line is the fitted trend line with its equation. These equations were used to estimate X mosaicism from observed alternate allele frequencies.

(TIF)

###### 

Click here for additional data file.

###### Genes on Xp ranked according to the potential to be involved in aortopathy.

This list includes all genes on Xp and an analysis of their potential to be involved in the aortopathy phenotype. The decision involved X-inactivation status, whether or not the gene was a pseudogene or a Y-chromosome homolog, and the level of expression in the aorta. The genes are ranked by likelihood for being involved in the pathogenesis of aortopathy based on these criteria.

(PDF)

###### 

Click here for additional data file.
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